Magnaporthe oryzae chrysovirus 1 (MoCV1), which is associated with an impaired growth phenotype of its host fungus, harbors four major proteins: P130 (130 kDa), P70 (70 kDa), P65 (65 kDa), and P58 (58 kDa). N-terminal sequence analysis of each protein revealed that P130 was encoded by double-stranded RNA1 (dsRNA1) (open reading frame 1 [ORF1] 1,127 amino acids [aa]), P70 by dsRNA4 (ORF4; 812 aa), and P58 by dsRNA3 (ORF3; 799 aa), although the molecular masses of P58 and P70 were significantly smaller than those deduced for ORF3 and ORF4, respectively. P65 was a degraded form of P70. Full-size proteins of ORF3 (84 kDa) and ORF4 (85 kDa) were produced in Escherichia coli. Antisera against these recombinant proteins detected full-size proteins encoded by ORF3 and ORF4 in mycelia cultured for 9, 15, and 28 days, and the antisera also detected smaller degraded proteins, namely, P58, P70, and P65, in mycelia cultured for 28 days. These full-size proteins and P58 and P70 were also components of viral particles, indicating that MoCV1 particles might have at least two forms during vegetative growth of the host fungus. Expression of the ORF4 protein in Saccharomyces cerevisiae resulted in cytological changes, with a large central vacuole associated with these growth defects. MoCV1 has five dsRNA segments, as do two Fusarium graminearum viruses (FgV-ch9 and FgV2), and forms a separate clade with FgV-ch9, FgV2, Aspergillus mycovirus 1816 (AsV1816), and Agaricus bisporus virus 1 (AbV1) in the Chrysoviridae family on the basis of their RdRp protein sequences.
M
ycoviruses are widespread in filamentous fungi and yeast (7, 9, 33) . Whereas most mycoviruses are associated with latent infection, some affect the phenotypes of their fungal hosts. In plant-pathogenic fungi, several mycoviruses reduce the virulence of their hosts, causing morphological and physiological changes. For example, hypovirus infection of the chestnut blight fungus Cryphonectria parasitica results in persistent and stable phenotypic changes: reduced pigmentation, suppressed asexual sporulation, and loss of female fertility and hypovirulence (23) . In 2004, Hillman et al. also reported the characterization of a reovirus from C. parasitica. The virus substantially reduces the virulence of the fungus and results in dramatically altered colony morphology with respect to the isogenic virus-free strain (14) . In white root rot fungus, three taxonomically different mycoviruses have been reported: Mycoreovirus 3 (MYRV3-RnW370) (17) , Rosellinia necatrix partitivirus 1 W8 (RnPV1-W8) (24) and Rosellinia necatrix megabirnavirus 1 (RnMBV1) (2) . Except for RnPV1, these viruses are a hypovirulence factor in Rosellinia necatrix.
Magnaporthe grisea (formerly known as Magnaporthe oryzae; anamorph, Pyricularia oryzae) is a filamentous heterothallic ascomycete that causes rice blast disease. Like other plant-pathogenic fungi, the presence of some double-stranded RNAs (dsRNAs) or virus-like particles in Magnaporthe grisea has been reported (4, 15, 35) . Two viruses in the family Totiviridae were found in M. grisea: M. oryzae virus 1 and 2 (MoV1 and MoV2); their complete sequences have been determined (21, 36) . Magnaporthe oryzae chrysovirus 1 (MoCV1) is also the mycovirus found in the Vietnamese isolate of M. grisea (19) , which impairs growth of host cells (29) . Besides, macroscopic and microscopic phenotypic alterations were induced by the virus infection and purified virus particles. Phylogenetic analysis of the putative RNA-dependent RNA polymerase (RdRp) of MoCV1 showed that MoCV1 forms a sister clade with chrysoviruses such as Penicillium chrysogenum virus (PcV) (16) , Helminthosporium victoriae 145S virus (Hv145SV) (6) , and Cryphonectria nitschkei BS122 strain (CnV1-BS122) (18) although the apparent molecular mass of the MoCV1 coat protein (P58) is smaller than that of the PcV coat protein (109 kDa) (16) . The MoCV1 virions are isometric particles about 35 nm in diameter, with buoyant densities in CsCl ranging from 1.37 to 1.40 g cm Ϫ3 , and each dsRNA segment is packaged separately. These traits are similar to PcV, the type species of the genus Chrysovirus. However, the 5= untranslated region (UTR) of each MoCV1 dsRNA genome lacks the CAA repeats that are conserved in the 5= UTR of dsRNA genomes of typical chrysoviruses and tobamoviruses (16) . It is noteworthy that MoCV1 particles were detectable not only in mycelial cells but also in cell-free cultured supernatants (29) .
Recently, two novel mycoviruses, Fusarium graminearum mycovirus-China 9 (FgV-ch9) and Fusarium graminearum virus 2 (FgV2), which are closely related, were, respectively, found in Fusarium graminearum strain China 9 (5) and strain 98-8-60 (37) . These two mycoviruses have five dsRNA segments; the proteins encoded by dsRNA1 possess motifs that are conserved in RdRp, and the viruses form a clade with Aspergillus mycovirus 1816 (AsV1816) (13), Agaricus bisporus virus 1 (AbV1) (30) , and MoCV1 (29) .
In this paper, we report the characterization of We confirmed that the L-A-free W303-1A strain can maintain L-A virus by cytoduction experiments (32) ; no MAK (maintenance of killer) genes were damaged, suggesting that the two strains are isogenic except for the presence of L-A virus. Standard yeast media were used (25) . Transformation was by a variant of the lithium acetate method (11) .
cDNA cloning. Detection and purification of dsRNAs from mycelia or purified MoCV1 particles followed previously reported procedures (1, 29) . Purified dsRNA segments were separated by 5% PAGE and stained with ethidium bromide. The part of the gel containing the dsRNA5 band was excised. Purified dsRNA5 was used as the template for cDNA synthesis, and a series of overlapping cDNA clones was obtained. These cDNA clones were confirmed to be derived from the fifth dsRNA segment of isolate S-0412-II 1a by Northern hybridization (data not shown). To obtain PCR clones that corresponded to the terminal regions of dsRNA5, 5= rapid amplification of cDNA ends (RACE) was used; the 5=-end regions of the dsRNA were amplified by inverse PCR using 5= phosphorylated primers following the manufacturer's protocol (5=-Full RACE core set; TaKaRa Bio, Kyoto, Japan).
Phylogenetic analysis. Molecular phylogenetic analysis using the deduced amino acid sequence of the putative RdRp gene of MoCV1 dsRNA1 was carried out using ClustalX, GeneDoc, and MEGA4 software (27, 28) . A bootstrap test was conducted with 100 resamplings for a neighborjoining (NJ) tree.
Protein sequence analysis. For sequencing of internal peptides of MoCV1 P130, gradient-purified MoCV1 proteins were separated by 8% SDS-PAGE and stained with Coomassie Brilliant Blue (Bio-Safe CBB; Bio-Rad). The part of the gel containing the P130 band was excised and digested with lysyl endopeptidase at 37°C for 17 h; the digestion products were separated by reverse-phase high-performance liquid chromatography (HPLC) on an analytical C 18 column. One of the resolved peptides was selected for amino acid sequencing by automated Edman degradation (LC-10Avp system; Shimadzu, Kyoto, Japan). For sequencing the N-terminal peptides of MoCV1 P70 and P58, purified MoCV1 proteins were separated by 8% SDS-PAGE and blotted to polyvinylidene difluoride (PVDF) membrane. After CBB staining, these proteins were cut out and sequenced by automated Edman degradation.
MALDI-TOF-MS analysis. MoCV1 protein (2 g) was desalted using ZipTip C4 pipette tips (Millipore) according to the protocol provided by the supplier. After a sample droplet of protein was added to the matrixassisted laser desorption ionization (MALDI) plate and air dried, the matrix (10 mg ml Ϫ1 sinapinic acid in 0.1% trifluoroacetic acid [TFA] and 50% MeCN solution) was also dropped on and air dried. The prepared plate was introduced into an Axima Performance mass spectrometer (MS) equipped with a 337.1-nm nitrogen laser (Shimadzu). MALDI-time of flight (TOF)-MS was carried out in linear mode and operated in positive-ion mode. The accelerating voltage applied was 20 kV. Spectra were acquired by accumulation of 100 single laser shots.
Preparation of MoCV1 particles. For production of antiserum, approximately 100 g of fresh mycelia was homogenized in a mixer with 10 volumes of 0.1 M sodium phosphate buffer (pH 7.4) containing 0.2 M KCl (buffer A) at 4°C. The homogenate was centrifuged at 5,100 ϫ g for 10 min, and the supernatant was centrifuged at 34,700 ϫ g for 1 h. The supernatant was ultracentrifuged at 148,400 ϫ g for 1 h, and the resultant precipitate was suspended in buffer A at 4°C. The suspension was applied to sucrose density gradients (100 to 400 mg ml Ϫ1 ) in buffer A and centrifuged at 112,700 ϫ g for 2.5 h. The virus-containing fractions were combined and diluted with buffer A. The solution was ultracentrifuged (148,400 ϫ g for 1 h), and the pellets were resuspended in the same buffer (29) . Proteins of the purified viral preparation were analyzed by 8% SDS-PAGE with 25 mM Tris-glycine and 0.1% SDS at 15 mA for 2 h. After electrophoresis, the gels were stained with Coomassie Brilliant Blue (BioSafe CBB; Bio-Rad). In order to obtain anti-MoCV1 antiserum, rabbits were immunized with 0.75 mg of the gradient-purified MoCV1 proteins.
Purification of the virus particles associated with full-size ORF3 and ORF4 was performed in the same manner, except that centrifugation at 5,100 ϫ g for 10 min and 34,700 ϫ g for 1 h replaced centrifugation at 22,000 ϫ g for 15 min.
Plasmids. For expression vectors in Escherichia coli, pET-22b(ϩ)-ORF3 was prepared by cloning ORF3 without a stop codon from a fulllength cDNA clone of the MoCV1 genome into the NdeI/XhoI sites of pET-22b(ϩ) (Novagen, Madison, WI). pET-22b(ϩ)-ORF4 was constructed in the same manner by cloning ORF4 into the NdeI/NotI sites. The NdeI/XhoI sites were added to the ORF3 PCR product by amplifying it using primers MO3N5 and MO3Xh3, and NdeI/NotI sites were added to the ORF4 product by amplifying it using primers MO4N5 and MO4N3. pColdI-ORF3 or pColdI-ORF4 were prepared by cloning ORF3 or ORF4 into the NdeI/XbaI or NdeI/EcoRI sites of pColdI (TaKaRa Bio), respectively. NdeI/XbaI sites were added to the ORF3 PCR product by amplifying it using oligonucleotides MO3N5 and MO3Xb3, and NdeI/EcoRI sites were added to the ORF4 PCR product by amplifying it using oligonucleotides MO4N5 and MO4E3 (see Tables S1 and S2 in the supplemental  material) .
Plasmids pRSA315 and pRSA316 were constructed by insertion of the ADH1 promoter and terminator cassette (31) into pRS315 and pRS316, respectively (26) . Plasmids pRSA315-ORF3 and pRSA316-ORF4 were constructed by insertion of, respectively, ORF3 with added SalI and XbaI sites (using primers MO3S5 and MO3Xb3) and ORF4 with added KpnI/ HpaI sites (using primers MO4K5 and MO4H3). A strong TDH3 promoter and terminator cassette was constructed in pUC19 (22) . PCR products obtained using TDH3p5 and TDH3p3 or TDH3t5 and TDH3t3 were cloned into pUC19. The cloned PCR products were digested by BlnI and BamHI and ligated. Plasmids pRST315, pRST316, and pRST425 were constructed by insertion of a NotI/ApaI fragment of a TDH3 cassette into pRS315, pRS316, and pRS425, respectively (3). pRST426 was constructed by the same method, except that XhoI was used in place of ApaI. pRST315-ORF3 or pRST425-ORF3 was prepared by cloning ORF3 into the SalI/XbaI sites of pRST315 or the SalI/BlnI sites of pRST425, respectively. pRST316-ORF4 or pRST426-ORF4 was prepared by cloning ORF4 into the EcoRI/HpaI sites of pRST316 or pRST426, respectively (see Tables S1 and S3 in the supplemental material).
Purification of recombinant ORF3 and ORF4 in E. coli. E. coli host BL21(DE3) harboring the ORF3 expression vector pET-22b(ϩ)-ORF3 or the ORF4 expression vector pET-22b(ϩ)-ORF4 was cultured in Luria-Bertani medium containing 50 g ml Ϫ1 ampicillin until mid-log phase and then induced by 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 3 h. After the cells were collected by centrifugation, they were disrupted by BugBuster Protein Extraction Reagent (Novagen). Inclusion bodies were collected by centrifugation for 20 min at 20,000 ϫ g and solubilized in binding buffer (10 mM Tris, 1 mM EDTA, pH 8.0) with 6 M urea. After centrifugation for 20 min at 20,000 ϫ g, the solutions were applied to a Ni-nitrilotriacetic acid (NTA) agarose column (Qiagen, Hilden, Germany). After the column was washed with 50 mM sodium phosphate buffer (pH 8.0) and 300 mM NaCl, the proteins were eluted by imidazole (250 mM).
The expression of recombinant ORF3 or ORF4 was induced in the pColdI-ORF3 or pColdI-ORF4 transformants, respectively, according to the pColdI vector manufacturer's instructions (TaKaRa Bio). After the cells were collected by centrifugation, purification of the recombinant proteins was performed in the same manner.
Detection of MoCV1 viral proteins. A fungal mat of rice blast fungus cultured for 9, 15, or 28 days was collected and pulverized in a mortar with pestle in liquid nitrogen. The resultant powder was added to 0.1 M sodium phosphate buffer (pH 7.4) containing protease inhibitor cocktail (complete mini EDTA-free; Roche Diagnostics, Mannheim, Germany) and centrifuged for 10 min at 20,000 ϫ g at 4°C; the supernatant fraction was retained. Each extract contained about 2 g l Ϫ1 protein, and 10 l of each one was subjected to SDS-PAGE.
S. cerevisiae strain W303-1A (MATa leu2 his3 ura3 trp1 ade2 can1 [L-A-o]) was used for the following experiments. Transformants of W303-1A (L-A-o) harboring the appropriate expression vector were streaked to form single colonies and grown at 30°C on plates containing synthetic complete solid medium lacking either uracil or leucine (SC-Ura or SC-Leu, respectively) for 4 to 5 days. Some of the single colonies were grown in the selective liquid medium at 28°C for 14 h. The transformants were suspended in 0.1 M sodium phosphate buffer (pH 7.4) containing protease inhibitor cocktail and lysed by sonication; then extracts were centrifuged in the same manner as the fungal powder; these extracts also contained about 2 g l Ϫ1 protein, and 10 l of each one was subjected to SDS-PAGE.
Samples were separated by 8% SDS-PAGE using 25 mM Tris-glycine and 0.1% SDS at 15 mA for 2 h, transferred to PVDF membranes, and subjected to Western blotting using an ECL Plus detection system (GE Healthcare). To enhance signals in immunoassays, we used Can Get Signal (Toyobo, Osaka, Japan) during immunoreactions. Rabbit antiserum raised against a synthetic peptide corresponding to the C-terminal 14 amino acids (aa) of the protein encoded by ORF3 and guinea pig antiserum raised against recombinant ORF3 or ORF4 were used to detect MoCV1 viral proteins.
Light microscopy and DAPI nuclear staining of yeast cells. S. cerevisiae strain W303-1A (L-A-o) was transformed with pRSA315-ORF3, pRST315-ORF3, pRST425-ORF3, pRSA316-ORF4, pRST316-ORF4, or pRST426-ORF4. The transformants were streaked to form single colonies and grown at 30 or 37°C on plates containing SC-Ura/Leu solid medium for 3 days. Some of the single colonies were suspended in water. Then, cells were examined at ϫ1,000 magnification with a light microscope (Olympus IX71; Tokyo, Japan) and differential interference contrast (DIC) optics. The cells were rinsed with 1 ml of 50 mM PBS (2.0% [wt/vol] polyvinylpyrrolidone and 1.0% [wt/vol] bovine serum albumin, pH 7.4), and then fixed in methanol for 10 min at room temperature. After three rinses with PBS, the mycelia were placed on a glass slide, stained with 1 ml of 4=,6-diamidino-2-phenylindole (1.0 mg/ml DAPI in water; Wako, Osaka, Japan) for 10 min, rinsed three times with PBS, covered with a coverslip, and examined with a light microscope equipped with a fluorescence excitation filter (360 to 370 nm) and emission filter (470 to 495 nm).
Nucleotide sequence accession number. The sequence of the MoCV1 dsRNA5 was deposited in the GenBank under accession number AB700631.
RESULTS
Nucleotide sequence of dsRNA5 associated with MoCV1 particles. In our previous experiments, four separated dsRNA bands were visible following agarose gel electrophoresis (29) ; however, a fifth dsRNA (dsRNA5) band was found by PAGE in this study (Fig. 1A) . dsRNAs purified from MoCV1 particles were electrophoresed in 5% (wt/vol) polyacrylamide gels, and the dsRNA5 molecule was collected from the gels and used as a template for cDNA synthesis. The complete nucleotide sequence of the dsRNA5 was determined (AB700631); it has a single ORF (Fig.  1B) . The untranslated sequences conserved among the other four dsRNAs (dsRNA1, -2, -3, and -4) of MoCV1 were also found in dsRNA5 (see Fig. S1 in the supplemental material). While the sequence of dsRNA3 (3,074 nucleotides [nt]) was longer than that of dsRNA4 (3,043 nt), dsRNA3 showed higher mobility than dsRNA4 on a 5% native PAGE gel (Fig. 1A and B) . On the basis of RdRp protein sequences, MoCV1 forms a separate clade with FgV-ch9, FgV2, AsV1816, and AbV1 in the Chrysoviridae family (Fig. 1C) . The FgV-ch9 and FgV2 genomes are composed of five dsRNA segments.
MoCV1 particles consist of four major structural proteins encoded by dsRNA1, dsRNA3, and dsRNA4. Coomassie blue staining of SDS-PAGE gels showed that a purified fraction of MoCV1 particles extracted from mycelia cultured for 4 weeks consisted of four major polypeptides, P130, P70, P65, and P58 ( Fig. 2A) . P130 was subjected to Edman degradation; however, no phenylthiohydantoin (PTH) amino acid derivatives were observed, indicating that the N terminus of P130 was blocked (data not shown). Purified P130 was digested with trypsin, and the internal peptides were analyzed by HPLC. A tryptic digested peptide in chromatographic peaks was subjected to Edman degradation; the sequence of the peptide (TMIDYYRQVG) matched the amino acid sequence of ORF1 at amino acids [aa] 1,025 to 1,034 (nt 3,191 to 3,220). The ORF has 1,127 aa residues, leading to a calculated molecular mass of 125 kDa, consistent with the size of P130 estimated by SDS-PAGE ( Fig. 2A) . P70 was also subjected to Edman degradation. The sequence of the peptide (RIDQG) matched the amino acid sequence of ORF4 positioned at aa 15 to 19 (nt 204 to 218). The first methionine of ORF4 was positioned at nt 162 to 164, indicating that 14 amino acids of the N terminus of P70 would be degraded by posttranslational cleavage. P65 was confirmed to be a derivative of P70 by Western blotting using anti-ORF4 antiserum (see below).
P58 was also subjected to Edman degradation. The sequence of the peptide (GLTLD) matched the amino acid sequence of ORF3 at aa 2 to 6 (nt 148 to 162). An N-terminal methionine was not detected in the P58 fragments, suggesting that the first methionine might have been removed posttranslationally. In addition to the main sequence, we also detected a minor peptide sequence (RIDQG) that matched the amino acid sequence of ORF4 at aa 15 to 19 (nt 204 to 218), indicating that the degraded P70 migrates at around 58 kDa. These data indicated that P130 is encoded by dsRNA1, P70 and P65 are encoded by dsRNA4, and P58 is encoded by dsRNA3.
P58 lacks the C-terminal region of the deduced full-size ORF3. Although the N-terminal sequence of P58 was consistent with the sequence of ORF3 encoded by dsRNA3, its apparent molecular mass (58 kDa) was smaller than the deduced molecular mass of ORF3 (799 aa; 84 kDa). Then, we performed MALDI-TOF peptide mass fingerprinting analysis of P58. Mass spectrometry of tryptic peptides of P58 identified peptides specific to the deduced amino acid sequence of ORF3, but no peptide sequence mapped to the C terminus of the deduced amino acid sequence of ORF3 (M565 to L799) (Fig. 2B) . MALDI-TOF MS was performed to determine the molecular mass of P58. A resultant ion signal at m/z 62,559 was observed (Fig. 2C) . The molecular mass of the deduced amino acid sequence from residues G1 to V590 was 62,530 and from residues G1 to Q591 was 62,658. These results suggested that the deduced C-terminal end of P58 might be located around residues M565 to Q591 of ORF3. An ion signal at m/z 31,307 corresponding to a divalent ion was also observed.
We carried out Western analysis using anti-MoCV1 antiserum to detect full-size ORF3 protein. Signals of full-size ORF3 (84 kDa) were not detected in purified MoCV1 preparations (Fig. 2D , lane 1) from mycelia cultured for 28 days in the absence of a protease inhibitor. No specific signal was detected from preparations (Fig. 2D, lane 2) of the MoCV1-free isogenic strain. Rabbit antiserum, which was raised against a synthesized peptide corresponding to residues S785 to L798 (CSSDGASGGSRGEEL) of the full-size ORF3, did not detect P58 protein or the full-size ORF3 of MoCV1 particles prepared from an MoCV1-infected strain (Fig.  2E, lane 1) . These data were consistent with the data of MALDI TOF-based peptide mass fingerprinting (Fig. 2B) , indicating that P58 of MoCV1 particles is the C-terminal truncated form of the full-size ORF3.
Expression of ORF3 and ORF4 proteins in Escherichia coli. MoCV1 ORFs were heterologously expressed in E. coli. Expression of ORF3 in E. coli using pET-22b(ϩ)-ORF3 or pColdI-ORF3 yielded protein products of 84 kDa, which is consistent with the predicted molecular mass of ORF3 and was confirmed by Western analysis with anti-MoCV1 antiserum (see Fig. S2 in the supplemental material). Expression of the ORF4 protein in E. coli using pET-22b(ϩ)-ORF4 or pColdI-ORF4 yielded protein products of 85 kDa, which was consistent with the predicted molecular mass of ORF4 and was confirmed by Western analysis with antiMoCV1 antiserum (see Fig. S2 in the supplemental material) . We used the ORF3 and ORF4 recombinant proteins to immunize guinea pigs, and the resultant antisera were tested for specific reactivity with MoCV1 structural proteins by immunoblotting. ORF1 and ORF2 were also cloned into pET-22b(ϩ) and pColdI vectors, but no protein product was detected. We also confirmed that recombinant ORF3 and ORF4 were detected by anti-His 6 antibody. Anti-ORF3 C-terminal peptide antiserum detected the recombinant ORF3. No signal was detected in cell lysates harboring empty vectors using anti-MoCV1 antiserum (data not shown).
Detection of full-size ORF3 and ORF4 proteins in mycelial crude extracts. We performed Western analysis to detect MoCV1 viral proteins in crude mycelial extracts. P58 was detected by antiMoCV1 antiserum in extracts of mycelia cultured for 28 days (see Fig. S3 , lane 6, in the supplemental material) but was hardly detectable in mycelia cultured for 9 or 15 days (see Fig. S3, lanes 2  and 4) .
Using anti-ORF3 antiserum, a protein band corresponding to the full-size ORF3 (84 kDa) was detected in the 9-, 15-, and 28-day extracts (Fig. 3A, lanes 2, 4, and 6 ). P58 was also detected in 28-day extracts to the same extent as the full-size 84-kDa ORF3 (Fig. 3A,  lane 6 ), but a relatively small amount of P58 was detected in 9-and 15-day extracts (Fig. 3A, lanes 2 and 4) . Full-size ORF3 was also detected in mycelial extracts using anti-ORF3 C-terminal antisera, but no signal for P58 was detected (Fig. 3B, lanes 2, 4, and 6 ), indicating that P58 was generated through processing involving C-terminal cleavage of the full-size ORF3. As the culture duration increased, the amount of the P58 was gradually accumulated in the mycelial extracts, while the full-size ORF3 (84 kDa) was reduced.
The ORF4 protein is also associated with MoCV1 virus particles. Using anti-ORF4 antiserum, full-size ORF4 was detected in mycelial extracts (Fig. 3C, lanes 2, 4, and 6 ). P70 and P65 were also detected in 28-day extracts (Fig. 3C, lane 6 ), but only very small amounts of them were detected in 9-and 15-day extracts (Fig. 3C,  lanes 2 and 4) . No signal was detected in mycelial extracts prepared from the S-0412-II 1a MoCV1-free strain by any of the three antisera (Fig. 3A, B, and C, lanes 1, 3, and 5) .
Isolation of MoCV1 particles associated with full-size ORF3 and ORF4. In mycelia cultured for 28 days, full-size ORF3 and ORF4 proteins were detected in crude extracts (Fig. 3A, B , and C) but not in purified MoCV1 particles ( Fig. 2D and E) . To were subjected to SDS-PAGE and immunoblot analysis. A 20-g aliquot of protein from each extract was used. Antiserum raised against recombinant full-size ORF3 (A), ORF3 C-terminal peptide (B), or recombinant full-size ORF4 (C) was used for immunoblotting. Lanes 1, extracts from MoCV1-free isolate cultured for 9 days; lanes 2, extracts from MoCV1-infected isolate cultured for 9 days; lanes 3, extracts from MoCV1-free isolate cultured for 15 days; lanes 4, extracts from MoCV1-infected isolate cultured for 15 days; lanes 5, extracts from MoCV1-free isolate cultured for 28 days; lanes 6, extracts from MoCV1-infected isolate cultured for 28 days.
investigate whether the full-size proteins are components of MoCV1 particles, we attempted to purify the particles from fresh mycelia grown in a fermentation reactor. We also improved our purification methods for MoCV1 particles (see Materials and Methods).
Isometric virus particles with buoyant densities of 1.38 to 1.40 g cm Ϫ3 in CsCl and a diameter of about 35 nm were observed by electron microscopy in fractions purified from mycelia grown in a fermentor for 2 days (Fig. 4A and C) . SDS-PAGE analysis of the pooled fractions revealed six protein bands of 130, 85 (84), 75, 65, and 63 kDa (Fig. 4E, lane 1) . Anti-ORF3 antiserum detected an 84-kDa protein corresponding to full-size ORF3 in addition to 75-, 70-, 67-, and 63-kDa proteins (Fig. 4F, lane 1) . Anti-ORF4 antiserum detected an 85-kDa protein corresponding to full-size ORF4 as well as a 70-kDa protein (Fig. 4G, lane 1) . These results indicated that full-size ORF3 and ORF4 might be components of MoCV1 particles. The other protein bands smaller than 84 or 85 kDa must be degraded forms of the full-size proteins.
We also isolated MoCV1 particles from mycelia grown in the fermentor for 14 days. The buoyant densities of the isometric virus particles ranged from 1.38 to 1.40 g cm Ϫ3 , which was almost the same as the particles obtained from mycelia grown in a fermentor for 2 days or in flasks for 28 days (Fig. 4B and D) (29) . SDS-PAGE and Western analysis of the pooled fractions showed that the protein band patterns observed on staining with CBB (Fig. 4E, lane 2) and the bands recognized by the anti-ORF3 (Fig. 4F, lane 2) and anti-ORF4 (Fig. 4G, lane 2) antisera were almost the same as those observed for 28-day cultures, except for a 55-kDa protein detected by anti-ORF4.
No degradation of ORF1 protein (P130) was observed. We performed RdRp assays using [␣- 32 P]UTP on the purified MoCV1 particles from mycelia cultured for 2 or 14 days (12) . Autoradiography of the native PAGE gel revealed radioactive signals from both types of MoCV1 particles (see Fig. S4 , arrow, lanes 3 and 6, in the supplemental material). No radioactivity was detected in preparations from the MoCV1-free strain (data not shown). 
Ϫ3
Heterologous expression of ORF4 induced cytological damage to the yeast Saccharomyces cerevisiae. We previously reported that MoCV1 affects the fungal host phenotype of isolate S-0412-II 1a, causing irregular mycelial growth, unusual pigmentation, and abnormal vesiculation (29) . We attempted to identify which gene products of MoCV1 are involved in these types of cytological damage by utilizing an S. cerevisiae expression system. First, each of the MoCV1 ORFs was expressed using five types of shuttle vector: pRSA313 (HIS3), pRSA314 (TRP1), pRSA315 (LEU2), pRSA316 (URA3), and pRSA317 (LYS2). These shuttle vectors have a single-copy CEN6 replication origin, and the expression of the ORFs was controlled by an ADH1 promoter, which leads to moderate expression levels. Yeast transformed with each of the shuttle vectors bearing ORF1, -2, -3, -4, and -5 was grown on the appropriate selective agar medium. The transformants were grown at 25°C, 30°C, and 37°C and were investigated for growth and morphological changes.
No change was observed in the yeast transformants, except for those expressing ORF4. Colonies of the transformants expressing ORF4 were smaller than those of the transformants expressing ORF1, ORF2, ORF3, or ORF5 on selection medium when grown at 37°C (data not shown).
To test the effects of overproduction of ORF4 protein on yeast growth, we introduced single-copy (CEN6 and TDH3-ORF4) or high-copy-number (2m and TDH3-ORF4) plasmids into strain W303-1A (L-A-o), in which the expression of ORF4 was con- trolled by the strong promoter of TDH3 (22) . As shown in Fig. 5A , overexpression of ORF4 protein by pRST426-ORF4 caused severe growth inhibition at both 30°C and 37°C. Confirmation that ORF4 protein was overproduced was obtained by Western blotting using antiserum against ORF4 protein (Fig. 5B) .
Morphological changes were also observed with a light microscope. The cells overexpressing ORF4 protein showed extremely enlarged vacuoles that occupied the majority of the cell volume (Fig. 5D, right panel) , while few vesicles were observed in cells carrying pRST426 empty vector (Fig. 5D, left panel) .
DAPI staining of W303-1A (L-A-o) harboring pRST426-ORF4 showed strong chromatin condensation with fragments or several randomly distributed nuclear fragments (Fig. 6A) . Enlarged cells were easily stained without detergent permeabilization. These observations suggested that heterologous overproduction of the ORF4 protein in S. cerevisiae resulted in cytological changes and nuclear fragmentation, and the phenotypic severity depended on the ORF4 expression level. Overexpression of ORF3 by pRSA315-ORF3, pRST315-ORF3, or pRST426-ORF3 conferred no recognizable phenotypic changes in yeast cells (Fig. 5C and 6B ).
DISCUSSION
MoCV1 particles consist of several major polypeptides, P130, P70, P65, and P58 ( Fig. 2A) , that are encoded by dsRNA1, -3, and -4 (Fig. 2, 4 , and data not shown). We demonstrated that P58, encoded by dsRNA3, lacks the C-terminal region of the deduced amino acid sequence (approximately 200 aa) of ORF3 (Fig. 2) , while P70 and P65, encoded by dsRNA4, lack the N-terminal 15 amino acids in addition to their C-terminal regions. The appearance of the P70 and P65 protein bands might be caused by posttranslational modifications. A similar observation was reported for structural proteins of FgV-ch9, one of the mycoviruses most closely related to MoCV1 (5).
Processing of MoCV1 proteins was investigated in crude extracts of mycelia grown in flasks; the full-size ORF3 (84 kDa) and ORF4 (85 kDa) proteins were detected as major components of MoCV1 particles until 15 days of culturing, while the processed ORF3 (58 kDa) and ORF4 (70 and 65 kDa) proteins gradually accumulated after 15 days (Fig. 3A and C) . The processed ORF3 and ORF4 proteins were hardly detected in 9-day cultures, suggesting that the processing of these viral proteins is not essential for the initial viral assembly. The full-size ORF3 and ORF4 being assembled as viral structural proteins might be degraded by cellular proteases in senescent cells. Although full-size ORF3 (84 kDa) and ORF4 (85 kDa) proteins were detected in crude mycelial extracts, we could not purify MoCV1 particles consisting of only full-length ORF3 and ORF4 proteins, suggesting that proteolytic degradation of intact MoCV1 particles might occur rapidly during purification as well as intracellularly (Fig. 4E, F, and G) . The processed MoCV1 particles, on the other hand, were relatively stable during purification or storage in a refrigerator (for at least 3 weeks), suggesting that the processed particles are relatively resistant to cellular proteases.
MoCV1 particles were also found in culture medium during a prolonged liquid culture period of 28 days (29) . The MoCV1 particles released into liquid medium also showed a 58-kDa band as a major coat protein (29) . These results indicated that the proteins, which consist of MoCV1 particles, tend to be degraded during purification or prolonged liquid culture, leading to truncated ORF3 (P58) and ORF4 (P70 and P65) proteins.
As described above, we obtained two types of particles, partially processed MoCV1 and fully processed MoCV1. This means that at least two types of viral particles might exist in infected fungal cells. We could not observe any differences in viral structure, physicochemical properties, or RdRp activity between these two MoCV1 particles (Fig. 4A, B , C, and D and Fig. S4 in the supplemental material). In the Totiviridae, two types of particles showing different protein compositions were separated from Helminthosporium victoriae mycelium (10). Ghabrial et al. demonstrated that the ratio of the amount of structural proteins was not influenced by the age of the culture (8) . Very recently, such posttranslational modification has also been found in a novel quadripartite dsRNA virus in Rosellinia necatrix (20) and a novel bipartite dsRNA virus in Botrytis porri (34) .
We did not observe the fifth dsRNA segment in our previous study (29) ; most cDNA clones, made by using random primers, mapped to dsRNA1 through dsRNA4. Very recently, however, we realized that MoCV1 could have five dsRNA segments. Based on RdRp protein sequences, MoCV1 forms a separate clade with FgV-ch9, FgV2, AsV1816, and AbV1 in the Chrysoviridae family (Fig. 1C) . The FgV-ch9 and FgV2 genomes are composed of five dsRNA segments (5, 37) .
We detected several dsRNA segments ranging from 3.0 to 3.5 kb in eight isolates collected in Vietnam (29) . Now, we have confirmed that some of these mycoviruses, including MoCV1, have five dsRNA segments. We also realized that one of these mycoviruses, which was detected in isolate S-0412-II 2a, has four or five dsRNA segments. During cultivation of the host fungus, we succeeded in separating a mycovirus bearing five dsRNA segments and a mycovirus bearing four dsRNA segments, lacking the fifth dsRNA segment. Therefore, the fifth dsRNA segment might be satellite RNA and dispensable for maintenance of the viruses.
In this study, a yeast expression system was used to evaluate the effects of the MoCV1 gene products on host cells. Overexpression of the ORF4 protein in S. cerevisiae caused remarkable growth inhibition (Fig. 5 ) and led to abnormally enlarged cells and vacuoles with signs of membrane damage. Nuclei in the ORF4-overexpressing cells showed condensation and fragmentation (Fig. 6) , suggesting that heterologous expression of ORF4 induces apoptosis-like cell death, with the severity depending on expression level. To observe the effect of ORF4 in its natural host, ORF4 expression in M. grisea is being studied.
